Background: Collagen XXIII is a transmembrane collagen previously shown to be upregulated in metastatic prostate cancer. The purpose of this study was to determine the protein expression of collagen XXIII in tumor tissues from a variety of cancers and to assess the utility of collagen XXIII as a biomarker for nonsmall cell lung cancer (NSCLC).
Introduction
Lung cancer is the leading cause of cancer-associated mortality, accounting for over 25% of cancer-related deaths and ∼15% of new cancer cases annually (1) . Lung cancer is divided into small cell lung cancer (SCLC) and non-SCLC (NSCLC), with prevalence rates of 14% and 85%, respectively. NSCLC is classified into three types: adenocarcinoma, squamous cell carcinoma (SqCC), and large cell carcinoma, based on histologic and immunophenotypic characteristics (2) . Cigarette smoking, measured by quantity and frequency of consumption, is still the leading risk factor for lung cancer, accounting for 75% to 87% of lung cancer cases, although the proportion of never smoker-related lung cancer is increasing (1, 3) . Lung cancer patients have an overall 5-year survival rate of 15%, with only 16% of patients diagnosed with early-stage disease that is still treatable by curative therapy and 5-year survival rates of 50% (1) . Current screening tools such as chest X-rays, sputum cytologic examination, or computed tomography scans have yet to show an effect on mortality, although computed tomography scans are capable of detecting earlystage cancers (4, 5) .
Recent technological advances have facilitated the identification of genetic, epigenetic, and proteomic alterations in a variety of cancers. For example, treatment with tyrosine kinase inhibitors is informed by genetic and proteomic changes in epidermal growth factor receptor and v-Ki-ras2 Kirsten rat sarcoma viral oncogene homologue (KRAS; refs. [6] [7] [8] in NSCLC patients. Histological and immunohistochemical (IHC) analysis of biopsied tissue is the current standard for diagnosing and classifying tumors, but the invasiveness and associated morbidity of the technique makes it impractical for patient screening and monitoring. In contrast, biological fluids such as urine and serum are an accessible source of disease markers and can be easily and repeatedly obtained from patients. There is also a renewed interest in analyzing breath condensate for lung cancer detection (9, 10) , although standardized protocols are still being developed. Identification of biomarkers capable of detecting primary lung cancers or recurrent tumors is imperative for improved patient outcome.
Collagen XXIII, a type II transmembrane collagen, was originally discovered in our laboratory using differential display analysis to identify transcripts that were upregulated in highly metastatic prostate cancer (11) . It was later validated as a tissue marker for disease recurrence after prostatectomy (12) . In this study, we identify additional cancers that overexpress collagen XXIII, with a focus on lung cancer due to the scarcity of validated biomarkers for this disease. We show that collagen XXIII positivity significantly correlates with the presence of NSCLC in biopsied lung tissue and in patient urine samples and, therefore, is a potential noninvasive biomarker for NSCLC. Additionally, elevated collagen XXIII staining intensity correlates with shorter time to recurrence in NSCLC patients, indicating its utility as a biomarker for recurrent disease.
Materials and Methods
Cell culture, transfection, and lysate preparation H460 and HEK293 cells were obtained from the American Type Culture Collection and were maintained in their recommended media (RPMI or DMEM, respectively) supplemented with 10% fetal bovine serum and 1% penicillinstreptomycin-glutamine (Invitrogen). For overexpression studies, HEK293 cells were transfected with either an empty PCDNA3 vector (Invitrogen), PCDNA3-human collagen XXIII (11), PCDNA3-human collagen XIII (12), or pCMV6-XL4-human collagen XXV transcript variant 1 (Origene) using the Fugene 6 reagent (Roche Diagnostics). For knockdown studies, H460 cells were transfected with an empty pRS vector (Origene) or pRS encoding short hairpin RNA against collagen XXIII (pRS-shc23; Origene) using Lipofectamine 2000 (Invitrogen). After selection in puromycin, clonal cell lines were established. Whole-cell lysates were collected using Triton Lysis Buffer (Boston BioProducts) and supplemented with compete mini protease inhibitor cocktail tablets (Roche Diagnostics). Lysate protein concentration was determined using the BCA assay (Pierce Biotechnology).
Antibody validation
A new human collagen XXIII mouse monoclonal antibody was made against the cleaved portion of human collagen XXIII by R&D Systems. The specificity of this antibody, clone 468642, for endogenously expressed collagen XXIII was examined through Western blotting.
Twenty micrograms of whole-cell lysates from H460 cells expressing pRS or pRS-shc23 were resolved on a 7.5% Tris-HCl gel and transferred to a 0.45 μmol/L polyvinylidene difluoride membrane; (Millipore). Following transfer, membranes were immunoblotted with the 468642 antibody, collagen XXV (R&D Systems), or actin (Chemicon) antibodies and developed using the ECL Plus chemiluminescence kit (Amersham). Western blot analysis revealed weak cross-reactivity between the 468642 antibody and overexpressed collagen XXV, 7 but no detection of endogenous collagen XXV ( Supplementary  Fig. S1A ). The range of reactivity of the 468642 antibody was determined by immunoblotting membranes containing 0 to 5 ng of recombinant collagen XXIII protein (R&D Systems; Supplementary Fig. S1B ).
Immunohistochemical and Western blotting peptide competition experiments were used to confirm the specificity of a newly glutathione S-transferase (GST)-collagen XXIII peptide purified batch of rabbit polyclonal collagen XXIII antibody (6.1B) as previously described (Supplementary Fig. S2A and B); ref. 12). Briefly, the antibody was preincubated with GST or a GSTcollagen XXIII peptide at a ratio of 1:4. Sections of lung adenocarcinoma tumor tissue or membranes containing HEK293 lysates overexpressing collagen XXIII were stained with the antibody alone or GST-collagen XXIII peptide competed antibody. Antibody cross-reactivity was determined through Western blotting (Supplementary Fig. S2C ). Briefly, whole-cell lysates from HEK293 cells transfected with PCDNA3, PCDNA3-human collagen XXIII, PCDNA3-human collagen XIII, or pCMV6-XL4-human collagen XXV were resolved on a 7.5% Tris-HCl gel and transferred to a polyvinylidene difluoride membrane. Membranes were immunoblotted with the 6.1B antibody or rabbit polyclonal collagen XXV antibody raised against the third noncollagenous domain (NC3; ref. 13 ) and developed using the ECL Plus chemiluminescence kit (Amersham). Weak cross-reactivity was observed between the polyclonal collagen XXIII 6.1B antibody and overexpressed collagen XXV.
Tissue microarray construction
To analyze collagen XXIII expression in NSCLC, immunohistochemical staining was done on three separate tissue microarrays (TMA) representing different patient cohorts.
Brigham & Women's TMA. The TMA was constructed as previously described (14) . In brief, the TMA was constructed from representative tissue blocks from formalinfixed, paraffin-embedded archival tissue specimens. Three areas of tumor and three adjacent areas of normal lung parenchyma from 86 patients with lung adenocarcinoma were sampled from each case in 0.6-mm-diameter cores and transferred into paraffin recipient blocks using a manual arrayer (Beecher Instruments, Inc. (2) . Three areas of tumor tissue, representing the center, intermediate, and peripheral zone of the tumor, were sampled in 1-mm-diameter cores and included on a TMA. Detailed clinicopathologic information including demographics, smoking status (never, former, and current smokers), and clinicopathologic tumor-node-metastasis stage was available for most cases.
U.S. Biomax TMA. Multicancer (MC5001) and lung cancer (LC801, LC810, LC992, BS04071, and BS04081) TMAs were purchased from U.S. Biomax. The TMAs were composed of one to three representative formalinfixed, paraffin-embedded tissue specimens per patient. The lung cancer TMAs included 155 tissue samples from lung adenocarcinoma and squamous cell patients and 38 normal control tissues.
Immunohistochemical staining and evaluation
Tissue sections were deparaffinized in xylene and rehydrated through a series of alcohols. Sections were treated with Antigen Retrieval Solution (Vector Laboratories), heated using a pressure cooker (Biocare Medical; peak temp 125°C for 30 seconds, followed by 90°C for 10 s), and cooled for 20 minutes. After washing in water and TBS-T, slides were placed in a humidified chamber and incubated with a peroxidase-blocking reagent (DAKO) for 5 minutes. Immunohistochemistry was done by blocking slides in 20% goat serum (DAKO) before incubating slides with the rabbit polyclonal collagen XXIII 6.1B antibody, followed by a biotinylated goat-anti-rabbit secondary antibody (DAKO). Extensive TBS washes were done between steps. The chromogen substrate, 3,3′-diaminobenzidine (DAKO), was added for 5 minutes to visualize bound antibodies and Mayer's hematoxylin was used to visualize cell nuclei. This same protocol was used for the mouse monoclonal 468642 antibody with the following alterations: EDTA (pH 6.0; Zymed) was used for antigen retrieval and Mouse Envision (DAKO) was used for the secondary antibody. Same-species IgG serum was used as a negative control. The tissue core staining score was calculated using established pathology methods, using a range of 0 to 3 or 0 to 300. The Brigham & Women's Hospital TMA was immunostained using the collagen XXIII 6.1B antibody. Staining intensity was scored by two pathologists (JAB and LRC) on a four-point scale: absent (0), mild (1+), moderate (2+) or intense (3+) staining ( Supplementary Fig. S3 ).
The U.S. Biomax TMAs (LC801, LC992, LC5001, LC810, BS04071, and BS04081) were immunostained using the 468642 antibody. Staining intensity was scored by a pathologist (SJR) on a four point scale: absent (0), mild (1+), moderate (2+), or intense (3+) staining. For the multicancer TMA, average collagen XXIII intensity values <0.5 (−) or >0.5 (+) are reported for each cancer type ( Table 1) .
The M.D. Anderson Cancer Center TMA was immunostained using the 468642 antibody. For each tissue core, a pathologist (LMS) determined the percentage of tumor cells (0-100%) with absent (0), mild (1+), moderate (2+), or intense (3+) cytoplasmic staining. The following equation was used to calculate a representative score per tissue core: staining score (0-300) = 0 (% cells with absent staining) + 1 (% cells with mild staining) + 2 (% cells with moderate staining) + 3 (% cells with intense staining). Core scores greater than zero were considered positive in this study.
Individual tissue images were captured using the Spot Insight imaging system and white balanced using Adobe Photoshop CS2.
Patients were excluded if they lacked evaluable tumor tissue samples on the TMA, were previously diagnosed with cancer within 5 years of the surgery date, did not have adenocarcinoma or SqCC, or received neoadjuvant therapy.
Patient urine samples
NSCLC patient urine samples. Subjects were identified from the Thoracic Oncology Clinic at Dana-Farber Cancer Institute and consented on an Institutional Review Board-approved protocol for the collection of clinical specimens, including urine in patients with known or suspected thoracic malignancies. Specimens were frozen on dry ice within 1 hour of collection and stored at −80C until processing for Western blots. The age of the patients ranged from 36 to 76 years.
Control urine samples. Normal urine samples were collected under an approved Institutional Review Board protocol issued by the Children's Hospital Boston. Control samples included disease-free individuals and several nonmalignant urological conditions, such as vasectomy and infertility. The age of the control urine patients ranged from 20 to 79 years.
Urine samples were thawed on ice and diluted in one volume of 10 mmol/L ammonium bicarbonate buffer (pH 8) supplemented with Halt Protease Inhibitor +EDTA (Pierce Biotechnology). Samples were concentrated to 1 mL by centrifugation, frozen at −80°C, lyophilized for 2 days, and then resuspended in one volume of 10 mmol/L ammonium bicarbonate (pH 8) and protease inhibitors. Protein concentration was determined (Bio-Rad Protein Assay) and samples were denatured in Laemmli's sample buffer by boiling for 
Statistical analysis
Mixed model linear regression, with a random effect to adjust for multiple cores per patient, was used to model the relationship between collagen XXIII expression and patient clinical demographic variables. These variables, examined individually, included age, gender, differentiation status (differentiation), tumor status (T), tumor size (cm), nodal status (N), pathologic stage, smoking status (never, former, or current), and tobacco story (never or 'former or current'). The coefficient, β, 95% confidence intervals, and P value, if significant, are reported for each model. The χ 2 test or Fisher's exact test were used to analyze the relationship between urinary or tissue collagen XXIII positivity and NSCLC.
To analyze the specificity and sensitivity of collagen XXIII positivity or collagen XXIII staining intensity (low or high) as an indicator of NSCLC, we generated receiver operating characteristic ( Fisher's Exact Test was done to examine the relationship between collagen XXIII positivity (present or absent) or staining intensity (low or high) and recurrence. To assess the association of collagen XXIII positivity with the duration of survival and time to recurrence, we compared the Kaplan-Meier curves for collagen XXIIIpositive and collagen XXII-negative tissues by the logrank test. This analysis was repeated using different staining intensity thresholds. To corroborate the result, we conducted Cox Proportional Hazards regression analysis using high or low staining intensity as predictor variable, first alone and then controlled for stage and age. Only patients with recurrence or census within 120 Table S1 ). χ 2 analysis of a 3 by 2 contingency table for the combined TMA data were highly significant (P < 0.001). A two-tailed P value was calculated for each comparison between NSCLC subtype and normal lung tissue using Fisher's Exact Test. Highly significant differences (P < 0.001) are indicated (***). For immunohistochemical analysis, the 468642 antibody was used on the U.S. Biomax and M.D. Anderson Cancer Center TMAs, whereas the 6.1B antibody was used on the Brigham and Women's Hospital TMA. B, ROC curve plotting the true positive rate against the false positive rate for the different possible collagen XXIII staining intensity thresholds (tabulated data in Supplementary 
Results

Immunohistochemical analysis of collagen XXIII staining in multiple cancer tissues
We sought to determine whether collagen XXIII protein expression is upregulated in other human cancers in addition to prostate cancer. Immunohistochemical analysis of TMAs allowed for high-throughput examination of collagen XXIII expression across multiple patients and cancer types. In addition to prostate adenocarcinoma, collagen XXIII was detected in a variety of cancers, including cancer of the bladder, breast, kidney, lung, liver, skin, stomach, testis, thyroid, and uterus (Supplementary Figs. S4 and S5; Table 1 ). The absence of collagen XXIII in fibrosarcoma, liposarcoma, or Hodgkin's disease tissue samples suggests an expression bias for carcinomas. In all tissues examined, collagen XXIII staining was predominantly cytoplasmic.
For this study, a new monoclonal collagen XXIII antibody, clone 468642 from R&D Systems, was used. Its specificity for endogenous collagen XXIII was determined through Western blot analysis of collagen XXIII and collagen XXV in H460 cells with or without short hairpin RNA against collagen XXIII ( Supplementary  Fig. S1 ). The 468642 antibody recognized the full-length and cleaved forms of collagen XXIII, running at 75 kDa and 60 kDa, respectively, in parental and control H460 lysates that were absent in the knockdown cell lysate (11) . In contrast, endogenous collagen XXV (85 kDa) was not recognized by the 468642 antibody.
A newly purified batch of the collagen XXIII 6.1B polyclonal antibody (12) was also screened for specificity as previously described. Collagen XXIII-GST peptides successfully blocked collagen XXIII antibody reactivity through Western blot analysis and IHC ( Supplementary  Fig. S2 ).
Collagen XXIII in lung cancer tissue
In screening multiple cancer tissues for collagen XXIII expression, we observed that collagen XXIII expression was elevated in a large subset of NSCLC tissues. Specifically, collagen XXIII staining was present in many of the large cell carcinoma, SqCC, and adenocarcinoma tissue samples examined (Fig. 1) . In most cases, collagen XXIII expression was limited to the epithelial cells comprising the tumor, but absent or weakly present in the tumor stroma. The scarcity of large cell lung carcinoma tissue arrays and the lack of collagen XXIII expression in six of seven SCLC tissue samples led us to study the association between collagen XXIII expression in the two most common types of NSCLC, SqCC, and adenocarcinoma.
Collagen XXIII positivity in tissue samples from NSCLC patients
To analyze collagen XXIII expression in NSCLC, immunohistochemical staining was done on three separate TMAs representing different patient cohorts and scored as described in Materials and Methods section (Table 2) . Initially, we examined collagen XXIII positivity in NSCLC and normal lung tissues. Because some variability in Table 3 . Clinical demographics of patient groups from three NSCLC TMAs* replicate tissue core staining was observed, patients without staining in any of their replicate tissue cores were considered negative for collagen XXIII protein expression. Collagen XXIII was present in 88% of adenocarcinoma and 73% of SqCC patient tissues, but only in 28% of normal lung tissues. Importantly, collagen XXIII staining intensity in normal lung tissue was always mild or absent. Analysis of a contingency table containing either the combined TMA data or individual TMA data revealed that collagen XXIII positivity was significantly correlated with the presence of NSCLC (P < 0.001;Supplementary Table S1; Fig. 2A ). Subsequent analysis of the combined TMA data using the Fisher's exact test confirmed the association between collagen XXIII positivity and both SqCC (P < 0.001) and adenocarcinoma (P < 0.001). Highly significant relationships between lung adenocarcinoma and collagen XXIII presence were corroborated in the Brigham & Women's Hospital (P < 0.001) and U.S. Biomax (P < 0.001) TMAs. Furthermore, collagen XXIII positivity also correlates with presence of SqCC in the U.S. Biomax TMA (P < 0.001). Collagen XXIII tissue positivity displayed sensitivities of 88% in adenocarcinoma and 73% in SqCC patients and specificity of 72%.
ROC analysis
ROC analysis was used to evaluate how distinct cutoff values serve to discriminate between cancer and normal tissue in the Brigham and Women's Hospital and U.S. Biomax cohorts, both of which included both cancer and normal tissue cores. We found that an average staining intensity cutoff of 0.5 on a three-point scale gave 88% sensitivity and 82.7% specificity in the Brigham and Women's Hospital cohort and 78% sensitivity and 75% specificity in the U.S. Biomax cohort. When the cohorts were analyzed together, a staining intensity cutoff of 0.5 exhibited 80% specificity and 81% sensitivity. The area under the ROC curve for both cohorts combined was 0.86. These results suggest that establishment of a collagen XXIII staining intensity threshold value can better discriminate between cancer and normal tissue compared with staining positivity (Supplementary Table S2 ; Fig. 2B ).
Correlations with clinical and pathologic variables
Due to the variability of collagen XXIII staining intensity among the patients, we hypothesized that collagen XXIII might also be a useful predictor for disease stage or might correlate with patient clinical variables. Mixedmodel linear regression, with an adjustment for multiple cores per patient, was used to model the relationship between collagen XXIII staining intensity on a continuous scale and patient variables. Significant correlations with differentiation status, tumor size (cm), tumor status (T), and age were observed in at least one TMA, but not with gender, nodal status, or smoking status (Table 3) . For example, in the Brigham and Women's Hospital cohort, which was limited to adenocarcinoma patients, the collagen XXIII staining score increased by Table S3 ).
Using Fisher's exact test, we observed a significant correlation between collagen XXIII positivity and recurrence (P = 0.022). When examined as a continuous variable, collagen XXIII staining was not a significant predictor of recurrence, suggesting that collagen XXIII staining should be evaluated as a binary variable. Subsequently, Kaplan Meier curves were constructed to determine whether collagen XXIII positivity is predictive of time to recurrence in the M.D. Anderson Cancer Center TMA and time to survival in the M.D. Anderson Cancer Center and Brigham and Women's Hospital TMAs. Positive staining for collagen XXIII was not a significant predictor of time to recurrence (log-rank test, P = 0.08). Based on the ROC analysis, we examined next whether the use of various collagen XXIII staining threshold values could better predict recurrence-free survival in this cohort. Kaplan Meier curves were generated to compare time to recurrence in NSCLC patients using different staining intensity thresholds between 0 and 100 on a 300-point scale and were compared using the log-rank test. Using threshold values between 40 and 85, collagen XXIII staining intensity significantly correlated with shorter time to recurrence (log-rank test, P ≤ 0.05; Supplementary Table S4 ). The most significant association between collagen XXIII and time to recurrence was observed when using a staining score of 85 as the threshold (log-rank test, P = 0.013; Fig. 2C ). Collagen XXIII staining positivity and staining intensity were not significant predictors of time to survival in either cohort when analyzing all patients together or when stratifying patients by NSCLC subtype. Our results were corroborated using a Cox regression model in which collagen XXIII staining intensity, using a threshold value of 85, was a significant predictor of recurrence in NSCLC patients (P = 0.015). Overall, collagen XXIII correlated strongly with NSCLC occurrence and was a significant predictor of recurrence when analyzed as a binary indicator.
Collagen XXIII positivity in urine samples from NSCLC patients
Previous studies by Banyard et al. (12) have shown that the cleaved form of collagen XXIII is detectable in urine samples from prostate cancer patients and that levels decrease after prostatectomy. To determine whether collagen XXIII was also present in urine from NSCLC patients, Western blot analysis was done on 50 μg of processed patient urine. Urinary collagen XXIII was observed as two bands with approximate molecular weights of 60,000 and 50,000, corresponding to the furin-cleaved ectodomain of collagen XXIII and a lower molecular mass collagen XXIII fragment. Urinary collagen XXIII was detected in 23 of 29 NSCLC (79%) patients but only in 15 of 54 control (28%) patients (P < 0.001, Fisher's exact test; Supplementary Fig. S6 ; Fig. 3A and B) with a sensitivity of 79% and a specificity of 72%. These results revealed a significant association between urinary collagen XXIII positivity and presence of NSCLC.
Discussion
Collagen XXIII was recently proposed as a biomarker of prostate cancer progression and metastasis and is detectable in prostate cancer patient tissue and urine (12) . We hypothesized that collagen XXIII expression was not limited to prostate cancer and that it may be a potential biomarker for other cancers. Collagen XXIII was expressed in several carcinoma tissues examined using a multicancer TMA, but was not readily detectable in sarcomas. In normal tissue, collagen XXIII expression is restricted. It is present in extracts from the brain, lung, kidney, cornea, and other epithelial structures but not in the tissue stroma (15) . In normal lung tissue, collagen XXIII is rarely detected in the cells comprising the alveolar sacs but can be detected in the bronchiolar epithelial cells. 8 These observations suggest that collagen XXIII expression in carcinomas can occur in multiple ways: either collagen XXIII is already present in neoplastic precursor cells or collagen XXIII expression is activated in response to cellular alterations that occur during tumor initiation and progression. Collagen XXIII was detected in the majority of NSCLC tissues but was not detected in the majority of SCLC tissues sampled. Differences in the cellular origin and molecular pathogenesis of these lung cancers could potentially explain this disparity (16) . Expression of the pro-protein convertase furin, which cleaves collagen XXIII (11, 17) , is also increased in NSCLC compared with SCLC (18) .
Traditionally, lung carcinomas are diagnosed using a multimodality approach including imaging (19) , fluorescence bronchoscopy (20) , or radiology and histopathologic examination of the tumor. We examined the utility of collagen XXIII presence in tumor tissue as a surrogate marker for NSCLC and we showed a significant correlation between collagen XXIII positivity and the presence of NSCLC in three different patient cohorts. Collagen XXIII does not distinguish between different classes of NSCLC, as positive staining was observed in 88% of lung adenocarcinomas and 73% of SqCCs. Markers such as thyroid transcription factor (TTF-1), cytokeratin 5/6 (CK5/6), and p63 (21-23) have been used previously to distinguish between SqCC and adenocarcinoma. Instead, we evaluated the potential of collagen XXIII as a tissue and circulating molecular correlate of NSCLC, as has been reported for cytokeratin-19, carcinoembryonic antigen, c-met, and heterogeneous nuclear ribonucleoprotein, which are overexpressed in NSCLC tissues, respectively, and are detected also in peripheral blood (24) . By setting a threshold value for collagen XXIII staining intensity, we were able to distinguish between NSCLC and normal tissue with a sensitivity of 80% and a specificity of 81%.
The need for predictive and prognostic biomarkers for NSCLC is apparent from the low 5-year survival rate in NSCLC. Although pathologic staging and histologic classification are important determinants of treatment strategy, concurrent analysis of predictive biomarkers such as epidermal growth factor receptor, KRAS and DNA excision repair protein ERCC-1 (25) (26) (27) , and prognostic biomarkers such as matrix metalloproteinase (MMP)-2 (28) and miR-34a (29) can be used to further guide treatment decisions in NSCLC patients. We therefore examined collagen XXIII staining intensity as an indicator of disease recurrence, as observed previously with collagen XXIII in prostate cancer (12) and with collagen XVIII in NSCLC (30) . We find that collagen XXIII is an informative biomarker for NSCLC disease status and propensity for recurrence. High collagen XXIII staining intensity correlates with shorter recurrence-free survival times in NSCLC patients. Patients with high collagen XXIII staining may consequently benefit from more aggressive treatment strategies such as chemotherapy after surgery-even for patients with early-stage disease. Concurrent examination of existing biomarkers in combination with collagen XXIII could aid in the implementation of improved treatment strategies.
Although molecular changes in tumor tissue can provide important information about disease progression and outcome, access to such material is limited, as tumor resections and tissue biopsies are highly invasive procedures with an inherent risk of pneumothorax. Although examination of tissue biomarkers can initially assist with NSCLC diagnosis and guide treatment decisions, noninvasive procedures are essential for screening and for posttreatment monitoring. Biomarkers present in biological fluids, such as urine and serum, are easy to access noninvasively and measure repeatedly. Urinary biomarkers have additional advantages. First, urine collection does not require trained personnel or invasive sample collection, which represents a potential barrier to patient compliance-especially during extended patient monitoring. Second, the serum proteome is quite complex and includes abundant proteins, such as albumin, which may impair the detection of concentration changes in less abundant proteins. As detection methods have improved, larger and more highly charged proteins are increasingly found in urine samples. For example, urinary MMP-9 (92 kDa) and MMP-2 (72 kDa) are useful for distinguishing patients with localized cancer from patients without cancer (31) . In the same report, Moses et al. (31) showed that urinary MMP activity did not correlate with creatinine levels, suggesting that large proteins in the urine are not always attributable to kidney dysfunction.
We have presented evidence that collagen XXIII is present in urine samples from NSCLC patients and can discriminate between the majority of control and NSCLC patients with sensitivity of 79% and specificity of 72%. For comparison, a panel of the four proteins in serum, carcinoembryonic antigen, retinol-binding protein, α1-antitrypsin, and SqCC antigen, can distinguish between the majority of control and lung cancer patients with sensitivities ranging from 77% to 89% and specificities ranging from 75% to 84% or 75.4% depending on the patient cohort (32) . Other fluid biomarkers indicative of NSCLC risk or disease have also been reported. Increased levels of urinary 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone metabolites are found in smokers with increased risk of lung cancer (33) , whereas dihydrodiol dehydrogenase levels are increased in tissue and serum from NSCLC patients and secreted from cancer cell lines (34, 35) . Due to the presence of urinary collagen XXIII in other cancers, such as prostate cancer, collagen XXIII could not be used singularly to identify NSCLC patients. Instead, it could be used as part of a biomarker panel for noninvasive detection of primary cancer or monitoring of previously treated NSCLC patients for recurrencesupplementing more expensive imaging modalities and potentially improving the sensitivity and specificity of currently used fluid biomarkers. Notably, the fluid biomarkers, carcinoembryonic antigen, CA-125, and tissue polypeptide-specific antigen, are used currently to detect disease recurrence in a subset of NSCLC patients despite their lack of specificity for lung cancer (36) .
Collagen XXIII transcriptional and translational regulation remains incompletely understood, as only the posttranslational cleavage of collagen XXIII by furin has been characterized. Furin-mediated cleavage of collagen XXIII is the presumed mechanism by which collagen XXIII is released into biological fluids such as urine. In our study, collagen XXIII is expressed in ∼80% of tissue and urine samples from patients with NSCLC, which is similar to the proportion of furin in lung SqCC tissue (37) . These data suggest that increased furin production may be responsible for increased extracellular presence of collagen XXIII.
